Abstract Developing bone is subject to the control of a broad variety of influences in vivo. For bone repair applications, in vitro osteogenic assays are routinely used to test the responses of bone-forming cells to drugs, hormones, and biomaterials. Results of these assays are used to predict the behavior of bone-forming cells in vivo. Stem cell research has shown promise for enhancing bone repair. In vitro osteogenic assays to test the bone-forming response of stem cells typically use chemical solutions. Stem cell in vitro osteogenic assays often neglect important biophysical cues, such as the forces associated with regular weight-bearing exercise, which promote bone formation. Incorporating more biophysical cues that promote bone formation would improve in vitro osteogenic assays for stem cells. Improved in vitro osteogenic stimulation opens opportunities for "preconditioning" cells to differentiate towards the desired lineage. In this review, we explore the role of select biophysical factors-growth surfaces, tensile strain, fluid flow and electromagnetic stimulation-in promoting osteogenic differentiation of stem cells from human adipose. Emphasis is placed on the potential for physical microenvironment manipulation to translate tissue engineering and stem cell research into widespread clinical usage.
Introduction
Stem cells derived from adult human tissue attract considerable attention due to the potential for stem cell therapies. Bone tissue engineering stem cell therapies harness the regenerative power of stem cells to replace or assist healing of damaged bone. Adipose tissue-derived mesenchymal stem cells (ASCs) are under increasing clinical investigation as they are easier to isolate and culture than bone-marrow derived mesenchymal stem cells (BMSCs) (Mesimäki et al. 2009; Lendeckel et al. 2004) . To confirm stem cell functional ability, in vitro osteogenic assays stimulate and evaluate bone cell-like responses. These include intracellular calcium increase, osteogenic gene upregulation, and calcium deposition. The ability of cells to promote therapeutic bone formation is different from, but linked to, the ability to produce these bone cell-like responses. In general, cells will be transplanted in stem cell form on some scaffold. The in vivo environment surrounding the implanted cell-scaffold construct will affect the subsequent development of the stem cells. The ideal scheme for bone tissue engineering with stem cells involves an in vitro environment that enables prediction and control of stem cell behavior in vivo after transplantation. The aim of this review is to analyze recent publications on the role of biophysical factors that drive osteogenic differentiation of human ASCs in vitro. Earlier reviews are summarized in Table 1 . The diversity of these reviews highlights the need for a meta-review to integrate information from a broad range of sources and build a coherent description of the biological basis for osteogenic responses. Practical limitations may lead stem cell researchers to supplement standard osteogenic induction with only one form of biophysical stimulus. So, it is important to understand the effects of each biophysical stimulus separately. We describe findings for each type of osteogenic stimulus in two categories: (1) substrate stimulus applied through manipulation of substrate on which cells are seeded; and (2) active stimulus involving continuous application of strain, fluid shear, or electromagnetic fields. Factors that influence differentiation are summarized in Fig. 1 . For each type of stimulus, we sketch a model that can describe processes underlying osteogenic induction (illustrated in Figs. 2, 3, 4 and 5, below) . Next, we consider differences in strategies for both promoting and evaluating osteogenic differentiation so as to resolve apparent conflicts in the different studies. Finally, we explore hypotheses on the molecular mechanism, the cellular processes that produce a response, To summarize the current knowledge of mechanotransduction in ASC lineage specification and how this information has been used in bone tissue engineering with ASC Levi and Longaker (2011) Concise review: adipose-derived stromal cells for skeletal regenerative medicine
To define ASCs, to describe the isolation procedure of ASCs, to review the basic biology of their osteogenic differentiation, discuss cell types and scaffolds available for bone tissue engineering, and to explore imaging of ASCs and their potential future in human skeletal tissue engineering efforts Liu ety al. (2010) Mechanisms for osteogenic differentiation of human mesenchymal stem cells induced by fluid shear stress
To briefly review how hMSCs respond to fluid flow stimuli and focus on the signal molecules involved in this mechanotransduction McCullen et al. (2010a) Musculoskeletal mechanobiology: interpretation by external force and engineered substratum
To outline many of the main mechanotransduction mechanisms known to date, and describe recent literature examining effects of both external forces and cell-substrate interactions on musculoskeletal cells Scherberich et al. (2010) Adipose tissue-derived progenitors for engineering osteogenic and vasculogenic grafts
To summarize studies supporting development of vasculogenic/ osteogenic grafts generated from adipose-derived cells Teo et al. (2010) Nanotopography/mechanical induction of stem cell differentiation
To discuss the effect of physical nanotopography on stem cell differentiation and the current theories on the topography induction of stem cell differentiation and the nuclear integration of biophysical signals
ASCs adipose-derived stem or stromal cells, hMSCs human mesenchymal stem cells and how knowledge of this mechanism can be applied to "programming" ASCs in bone tissue engineering.
Substrate stimulus
Most cells are anchorage-dependent, so the nature of the growth surface, substrate or scaffold, always plays a key role in influencing cell behavior. The ideal scaffold for bone engineering must first have good osteoconductivity; i.e., it must support the attachment, survival and appropriate distribution of the osteogenic cells. An ideal scaffold should also have good osteogenic ability, i.e., the scaffold should be able to promote the formation of new bone by cells that attach to it. The chemical composition and material properties of scaffolds have an important influence on their osteoconductivity and osteogenic ability. Substrate stimulus is manipulation of growth surface properties to produce a specific reaction. Table 2 highlights studies that have used substrate stimulus for driving ASCs osteogenic differentiation. These studies describe scaffold composition, pore size and porosity as key variables in scaffold-stimulated bone generation using ASCs. The chemical composition of a scaffold influences its degradability and may regulate bone remodeling. Bone remodeling is the natural process of reshaping bone in which new bone is formed and mature bone is absorbed (Hao et al. 2010) . The degradation rate of scaffolds used in bone healing should be high enough to yield the formation of new bone, but slow enough to provide support until new bone formation is complete. "Bioceramics" such as tricalcium phosphate (TCP) and hydroxyapatite (HA) have a mineral structure that mimics bone and have been applied to clinical use since the 1980s (Calori et al. 2011; Nandi et al. 2010) . Bioceramics have mechanical properties similar to bone, but their brittleness can be problematic . Polymeric materials commonly used for bone tissue engineering, including poly (ε-caprolactone) (PCL) and Fig. 2 A schematic summarizing hypotheses of substrate as a regulator of osteogenesis in ASCs. Two proposed mechanisms for scaffoldinduced osteogenesis: (1) altered behavior of focal adhesions, a mechanism relying on direct connections between ECM and nucleus through FAK activation; and (2) an indirect mechanism, stimulation by scaffold ions entering through, e.g., a calcium receptor poly(glycolic acid) (PGA), have predictable and reproducible properties and can be less brittle than ceramics Burg and Kellam 2000) . Another advantage is that polymers may be delicately shaped to present cues for osteogenesis on the nanometer scale (Reed et al. 2009; Sefcik et al. 2008; Teo et al. 2010) . But, polymeric materials may present biocompatibility problems (Hao et al. 2010) . Naturally derived polymers such as collagen have the advantage of biocompatibility, but may be too weak mechanically for general bone tissue engineering . Composite materials attempt to take advantage of the strengths of multiple materials. For instance, a gel can be used as a "cell carrier", filling large holes in a rigid scaffold, and providing a soft support for cells in vulnerable first stages, but maintaining a large space for bone formation in later stages (Hao et al. 2010; Liu et al. 2008) . The growth surfaces of neighboring cells may influence ASC osteogenesis indirectly through paracrine signaling (Lu et al. 2011) . A wide variety of scaffolds have been investigated for in vitro bone tissue engineering from human ASCs, including: the bioceramic, bioactive glass (Haimi et al. 2009 ); the polymeric material, poly lactide-co-glycolide (PLG) (He et al. 2010 ); a composite of poly(ι-lactic acid); and TCP (McCullen et al. 2010b ). Other scaffold materials have included a form of TCP called β-TCP, a new bioceramic called akermanite and collagen I, shaped into a honeycomb structure.
Studies including the investigation of atelocollagen honeycomb scaffolds for ASC osteogenesis report enhancement of osteogenesis with osteogenic medium, but less osteogenesis Fig. 3 A schematic summarizing hypotheses of the regulation of mechanical stretching-mediated induction of bone formation using ASCs. Three proposed mechanisms for osteogenesis in strain experiments: (1) altered actin interaction based on elasticity, (2) altered actin interaction based on strain-upregulation of the protein palladin, and (3) stretching inhibition of pparγ signaling through Wnt pathways. Notably, disrupting actin does not disrupt strain induction, supporting theories of osteogenic mechanisms independent of cytoskeleton enhancement as compared with β-TCP scaffold. Two groups used in vitro and in vivo assays for studies using atelocollagen scaffolds for bone engineering with ASCs. Hattori and colleagues characterized osteogenic capacity in vitro by measurement of secreted osteocalcin and by SEM evaluation of cells filling scaffold holes after 4 and 8 weeks (Hattori et al. 2006) . For evaluation of in vivo osteogenesis, an immunohistochemistry assay was performed to identify osteocalcin in histological sections after 2 weeks culture in osteogenic medium followed by 8 weeks subcutaneous implantation in mice. To gauge osteogenic capacity in vitro, Kakudo and colleagues assessed mineralization and alkaline phosphatase activity at day 14 after induction, also measuring calcification with scanning electron microscopy (Kakudo et al. 2008) . This group used qRT-PCR to verify increase in expression of osteogenic marker transcription factor Runx2 with respect to control at days 7 and 14 after induction. For evaluation of in vivo osteogenesis, they implanted cell-scaffold constructs into mice subcutaneously after 14 days culture in osteogenic medium or control growth medium. After 8 weeks, cell-scaffold constructs were excised and tested with Von Kossa and immunostaining for osteocalcin. Hattori and colleagues describe better osteoconductivity on a β-TCP scaffold for ASCs, as compared with scaffolds of hydroxyapatite (HA) and atelocollagen honeycomb scaffolds (Hattori et al. 2006 ). Kakudo and colleagues showed better osteogenesis in cells cultured with osteogenic chemical supplements as compared to control growth medium (Kakudo et al. 2008) . Taken together, the results of these studies suggest that β-TCP is a better osteogenic scaffold material for ASCs than HA and that atelocollagen scaffolds hold promise for ASC bone engineering applications where their low mechanical strength is acceptable.
Results of a study by Liu and colleagues showed better osteogenic differentiation with a scaffold of the newly designed bioceramic akermanite as compared with β-TCP Fig. 4 A model of fluid shear stress-induced osteogenesis of adiposederived stem cells. Mechanical loading increases ERK1/2 activation, NO production and expression of COX-2, Runx2, integrin α5β1, and the polyamine-regulating SSAT. NO and Cox-2 are reported to be involved in bone mechanical adaptation. NO and integrin α5β1 participate in ERK 1/2 activation scaffold (Liu et al. 2008 ). This group assessed osteogenic capacity by measuring osteocalcin deposition and by realtime PCR analysis for expression of osteogenic marker genes alkaline phosphatase (ALP) and osteocalcin (OCN) . Surprisingly, osteogenic differentiation was observed in growth medium even without the addition of chemical osteogenic factors. This result indicates the substrate itself has the capacity to induce osteogenic differentiation. However, the examination of differentiation continued for only 10 days after induction, while differentiation is usually assessed at 28 days to indicate stability (Hattori et al. 2006; Marino et al. 2010) . Following this work, Marino and colleagues showed that β-TCP scaffold drives ASCs to osteogenic differentiation that is stable even after 28 days. The level of osteogenesis was evaluated by alkaline phosphatase activity and an ELISA method quantification of expression of the osteogenic markers OCN and osteopontin (OPN). β-TCP and akermanite are examples of new, designed bioceramics that have the demonstrated ability to induce osteogenesis in ASCs without chemical supplements.
Substrate stimulus studies promote the concept of using scaffolds composed of designed, tunable bioceramics Electrical stimulation is associated with increased calcium (that can activate ERK 1/2) and remodeling of the actin cytoskeleton. A mechanism based on actin remodeling via the protein ROCK was suspected based on similarity between response to electrical stimulation and response to flow stimulation by bone marrow derived mesenchymal stem cells. However, interrupting the action of ROCK on actin did not inhibit electrically stimulated osteogenesis. A possible explanation is alternate pathways of electrically inducing osteogenesis involving calcium signaling capable of inducing osteogenesis in growth medium without chemical induction factors. With regard to pore size and porosity, 100-500 μm pore diameter and about 80 % average void volume were proposed as appropriate scaffold material parameters to optimize generation of bone (Marino et al. 2010; Hao et al. 2010 ). 3D TCP scaffold was reported to promote osteogenesis better than 2D TCP scaffolds of the same composition (Marino et al. 2010) . To further define optimal scaffold composition and material parameters, more data is required on the relative advantages of composite and 3D scaffolds, seeding efficiency, and bone healing when using scaffolds with a range of pore sizes, porosity and nanoscale topography.
Active stimulus
As classically described in Wolff's law, the bone of the skeleton regularly adapts to the mechanical forces imposed by usage (Frost 1990 ). Shear stress is imposed on bone cells during exercise (such as walking). Cycles of loading and unloading cause the compression and relaxation of the extracellular matrix (ECM), which in turn impose strain on cells in bone and lead to pulses of fluid flow through bone. The circulatory system also produces pulsatile or oscillating fluid flow acting on bone cells, imposing shear stress. Studies (including microgravity experiments) have demonstrated that mechanical forces are important for maintaining bone (Bodle et al. 2011) . Clinically, tensile strain is used for bone engineering in distraction osteogenesis, a surgical procedure used to grow bone by creating a fracture between two bone segments, then moving the segments slowly apart from each other. Electromagnetic stimulation is under investigation for therapeutic stimulation of bone repair (McCullen et al. 2010b; Rose and Bryan-Frankson 2008; Giardino et al. 2009; Tepper et al. 2005) . Active stimulus of bone formation, using continuous application of strain, fluid shear or electromagnetic energy, is increasingly popular to supplement standard in vitro induction of osteogenesis with soluble small molecules. Tables 3, 4 , and 5 (below) highlight studies on the application of strain, fluid shear stress, and electromagnetic fields to stimulate osteogenesis. These studies describe strain magnitude, nature of fluid flow (pulsatile vs. continuous) and frequency of electrical stimulation as key variables in actively stimulated bone healing using ASCs. These studies also importantly highlight differences in physiological responses of BMSCs and ASCs.
Tensile strain Studies using tensile strain found strain magnitude was related to inhibition of adipogenesis, a process balanced against osteogenesis, while insertion of interruptions (rests) in strain application showed no significant effect. Table 3 shows an overview of studies using tensile strain stimulus for osteogenic induction of ASCs. One study compared effects of uniaxial, continuous and interrupted strain for 4 h/day for up to 14 days (Hanson et al. 2009 ). Similarly enhanced osteogenesis was observed with both types of strain compared with static culture, judging by measurement of calcium deposition. Huang and colleagues applied equibiaxial cyclic tensile strain to mouse ASCs. They reported the application of strain significantly reduced age-related increase in adipogenesis in a magnitude-dependent manner, as assessed by formation of oil droplets and expression of the adipogenic marker Bglap1 . Importantly, lack of sensitivity to interruptions of applied strain distinguishes ASCs from BMSCs (Hanson et al. 2009 ); strain modification of age-related increase in adipogenesis has important implications for osteogenesis since these processes may balance each other (Luu et al. 2009; Tokuzawa et al. 2010 ).
Fluid flow
Application of continuous flow and pulsating fluid flow (PFF) were each reported to increase osteogenic differentiation of ASCs as compared with static culture; best osteogenic induction was seen with PFF. Table 4 overviews studies using flow stimulus of osteogenesis in ASCs. In a study by Tjabringa and colleagues, human ASCs were seeded on poly (L-lysine) hydrobromide glass slides, cultured overnight, and then subjected to 1 h of PFF (Tjabringa et al. 2006) . Parameters were chosen according to reports suggesting that shear stress on the order of 0.8-3 Pa influences bone remodeling in vivo (Rubin et al. 2006 ). Tjabringa and colleagues stated that 3 h after PFF application, gene expression of Runx2 was increased with respect to static control. However, expression of OPN was not increased at this timepoint. Increased Runx2 expression is an indicator of early osteogenesis and OPN expression is an indicator of late osteogenesis. So, the results of this study suggest that PFF may result in enhanced early stage, but not late stage, osteogenic differentiation. The study also monitored production of NO and expression of Cox-2, factors important in the response of bone cells to fluid shear. NO production was reported to have significantly increased after 60 min of PFF treatment. Cox-2 was significantly increased in cultures subject to PFF for 3 or 6 h. For comparison with other work in this field, assessment of osteogenic capacity at later time points would be helpful. Fröhlich and colleagues, using continuous flow to promote ASC osteogenesis in 3D bone matrix, assessed indicators of osteogenic capacity at a later time point to allow for osteogenic maturity. Assessment of osteogenesis was performed after 2 and 5 weeks of culture, by histology and immunohistochemistry for bone-cell-type markers collagen I (Col I), bone sialoprotein (BSP), and OPN. Osteogenesis was additionally evaluated using SEM and microcomputed tomography to image cell distribution and formation of mineralized matrix (Fröhlich et al. 2010 ). Pulsating fluid flow was shown to induce bone cell-like response from ASCs and constant flow was shown to promote osteogenesis through better distribution of seeded cells and enhanced exchange of nutrients in three-dimensional scaffolds.
Electromagnetic stimulation
Application of both direct current (DC) and alternating current (AC) were observed to enhance osteogenesis in ASCs. Table 5 summarizes parameters of studies using electromagnetic fields to induce ASCs towards bone formation. Hammerick and colleagues explained choice of frequency citing commercial therapeutic stimulation systems that have shown osteogenic effects with frequencies between 2 and 123 Hz (Hammerick et al. 2010 ). Application of electromagnetic field resulted in significantly increased osteogenic capacity as indicated by alkaline phosphatase activity and expression of markers ALP, OPN, Col I, and Runx2 at 21 days following induction. The cytoskeleton, the network of protein within cells that provide them structure, showed increased tension with application of the electric field (Hammerick et al. 2010) . Loboa and colleagues applied AC electric fields to human ASCs (McCullen et al. 2010b ). Choice of electric parameters was explained by reference to previous work and observations made in preliminary experiments. Application of AC field improved osteogenesis as estimated by increased intracellular calcium and Alizarin Red S staining up to 14 days after induction. A range of electromagnetic stimulation has been shown effective in improving osteogenic stimulation of ASCs; understanding ASC response to electromagnetic stimulation informs better tests of osteogenesis in vitro and opens possibilities for driving ASCs to therapeutic bone formation in clinical application. Active signaling in the form of continuously applied tensile strain, fluid flow, and electromagnetic fields were shown to promote osteogenic phenotype in ASCs in vitro when used in combination with a chemical stimulus. Application of tensile strain, shear stress, and electromagnetic field application are all options added to the repertoire of methods of enhancing osteogenesis of ASCs in vitro for bone tissue engineering. These methods can improve accuracy of in vitro assays used to predict ASCs performance in bone healing. They may also be used to better prepare ASCs to function well in vivo. In the case of electromagnetic fields, which can be applied externally (Lendeckel et al. 2004; Mesimäki et al. 2009 ), in vitro optimization of parameters can inform choice of parameters for post-implantation therapy. Shear stress imposed by fluid flow for several hours stimulated bone cell-like response from ASCs. Tensile strain and electromagnetic field stimuli were applied for several hours per day. Substrate-stimulated osteogenesis was assessed by standard stem cell in vitro differentiation assays which require a couple of weeks of culture to generate results. The short period of stimulus required to achieve a bone-like response from ASCs is a potential advantage for active over substrate stimulus. However, as contrasted with substrate-induced osteogenesis, actively induced osteogenesis was consistently produced in combination with a traditional soluble chemical stimulus. The only exception was the study of Tjabringa and colleagues, and this looked only at short-term response (Tjabringa et al. 2006) . Another point for improvement in the active signaling studies is that these studies had not been extended to examine in vivo bone formation, and a couple tested cell lines from only two donors despite reported significant variability between donors. To further define optimal active stimulus parameters, more data are required on varied parameters of active stimulus; for instance, duration of stimulus, whether the strain is applied along one axis (uniaxial) or two (biaxial), magnitude of shear stress, and interaction of different active stimuli and scaffolds that are osteoinductive.
Consideration of apparent conflicts in findings
The effect of mechanical stimulus on cell behavior is affected by intrinsic properties of the cell and properties of the ECM as well as extrinsic forces acting on the cell (Chou et al. 2009; Dulgar-Tulloch et al. 2009; Jaalouk and Lammerding 2009; McCullen et al. 2010b ). Even when considering strategies for the rather specific purpose of bone engineering with cells derived from human fat, there are several parameters for influencing the osteogenic differentiation; for instance, media formulation (Lindroos et al. 2010; Lund et al. 2009 ), oxygen tension (He et al. 2010) , harvest location, and sex of donor (Aksu et al. 2008 ) have all been reported to have an effect on the osteogenic potential of ASCs. The method of isolation (Bodle et al. 2011) , choice of chemical osteoinduction formula (Kroeze et al. 2011) , and method chosen for characterizing the osteogenic response may help to explain the observed difficulty developing a unified view point. Because of the dynamic nature of the osteogenic process, timing of assessment of osteogenic differentiation is an important factor. Certain conditions of osteogenesis may lead to slow osteogenic maturation, encouraging researchers to investigate early markers such as alkaline phosphatase activity rather than later ones such as Alizarin Red S and von Kossa staining for mineralization. Even the same factors in different contexts may have different effects; for example, one study reports a spectrum of opposite effects of Wnt signals depending level of differentiation (Quarto et al. 2010) . Communication between cells can modify the osteogenic response (Lu et al. 2011) . Finally, osteogenic indicators of in vitro assays, such as NO production, are not equivalent to in vivo bone healing, but only signs of potential for such healing. Practical limitations restrict the number of variables examined in every experiment. The most important issue here is to select the appropriate model or models-simple enough to control and understand, but with sufficient complexity to address the experimental question-then build on results. Studies highlight differences in osteogenic response to biophysical stimuli related to choice of species and cell type, and describe some conditions in which such differences could be reduced.
Animal models used during medical research should react to a treatment in a way that resembles human physiology; with regard to the response to biophysical stimuli, notable variation is seen amongst different species. In this review, all but two studies used human ASCs. A study by Huang and colleagues, using mouse ASCs, was included because it uniquely uses ASCs in a disease-correlated state (age-related reduction of proliferation and differentiation ability) ). Hammerick and colleagues also used mouse ASCs. This study was included as providing unique mechanistic insight into the electrical stimulation of osteogenesis (Hammerick et al. 2010) . In general, the comparison of stem cell behavior between species is not straightforward. For instance, goat stem cells have been observed to take more time for mineralization after chemical osteogenic induction than human stem cells (Zandieh-Doulabi B, personal communication). Tjabringa and colleagues (Tjabringa et al. 2006 ) highlighted species differences in their group's study of PFF-induced osteogenesis: in goat adipose-derived stem cells, only cells stimulated towards osteogenesis showed bone-cell like response to PFF. However, human ASCs responded to PFF even without chemical stimulation towards osteoblast phenotype. NO production was delayed in human ASCs with respect to goat ASCs; human cells required 60 min of PFF stimulation for NO production while goat cells produced NO after only 5 min PFF. The nature of chemical and mechanical stimuli required for osteogenic response, and timing of this response, has been shown to vary amongst ASCs from different species, confounding the use of animal models for human ASCs physiology.
Response to mechanical stimuli varies even between BMSCs and ASCs from the same species. One notable difference among studies involves the role of actin cytoskeleton rearrangement. Mechanically induced osteogenesis stimulated actin cytoskeleton rearrangement in both human ASCs and BMSCs. However, the role of actin rearrangement is different. Actin rearrangement was necessary for flow and elasticity-determined osteogenesis in studies of BMSCs (Engler et al. 2006; Arnsdorf et al. 2009a, b) . By contrast, disruption of actin cytoskeleton rearrangement did not affect osteogenesis in ASCs associated with biophysical stimulus (Hammerick et al. 2010; Wall et al. 2007 ). Understanding of osteogenesis in BMSCs cannot be directly used to predict response in ASCs.
Even human ASCs from different donors vary in sensitivity to stimuli and osteogenic capacity, but such variation can be reduced. McCullen et al., observing enhanced osteogenesis and intracellular calcium activity in ASCs stimulated with AC fields, found notable differences amongst cell lines in terms of calcium signal increases. These researchers reported a trend correlating higher plating densities with more consistent cellular response (McCullen et al. 2010b ). Hanson and colleagues observed less variation in mineralization by two cell lines when cells were grown on flexplates necessary for strain application. This effect was attributed to the influence of substrate elasticity (Hanson et al. 2009 ). Inter-individual variation in osteogenic response was observed, but higher cell density and more elastic substrate were noted to reduce this variation.
Differences in ASCs osteogenic response due to cell source, cell type, and osteogenic strategy are an important consideration for bone engineering, as are potential methods for reducing these differences. One potential strategy for handling the differences in ASC osteogenic response is to tune the individual osteogenic stimuli. Understanding the individual effects of different stimuli is difficult, since a cell is always subject to one influence in the presence of others. For instance, applied strain may modify elastic modulus of cell substrate (McCullen et al. 2010b; Joshi and Webb 2008) . For best comparison of results from studies in different laboratories, researchers should establish some standard induction schemes that can be logically adapted to suit individual needs (Kroeze et al. 2011 ). There is a need for a multiparametric and integrative approach with the help of assessments of in vitro osteogenic phenotype at the molecular level (increased expression of Runx2 mRNA, etc.), bone-like response to mechanical stimulus (e.g., NO production), and in vivo therapeutic bone formation. Each method provides the best results in different situations; there are methods that work better with a specific method of osteogenic induction or at a given time point after osteogenic induction. Some assessment methods show results instantly while others require weeks for availability of more definitive results. What understanding is gained from these measurements of osteogenesis will rely on our ability to integrate results across different biological levels and build logical models that can describe the biological basis for osteogenic response.
Hypotheses of mechanism
The growing promise of clinical application for stem cells, especially ASCs (Gonzalez-Rey et al. 2010; Ra et al. 2011; Casteilla et al. 2011; Lendeckel et al. 2004; Mesimäki et al. 2009 ), motivates an interest to explain cellular processes underlying lineage commitment. A better understanding of how these ASCs respond to various conditions will allow better prediction and control in bone tissue engineering applications. One interesting issue is the integration of diverse signals to generate a coordinated response. At some level within the cell, the signals from different stimuli overlap. Stem cell "reprogramming," that is, overriding one differentiation signal with another, has been demonstrated (Engler et al. 2006; Takahashi and Yamanaka 2006) . Studies of overlap in osteogenic signaling pathways open opportunities for bone engineering "reprogramming," enhancing a desired signal or overriding a signal that is undesired, for instance as the effect of disease.
The role of the connection between ECM and nucleus in generating regulation from structural changes: integrins, focal adhesions and actin cytoskeleton Scaffolds affect osteogenesis by altering adhesion, which in turn may alter gene function directly through the cytoskeleton, or through indirect mechanisms such as G-proteins or ion channels. More reports in literature are finding significant roles for the cytoskeleton in differentiation of stem cells (Engler et al. 2006; McBeath et al. 2004) . Complicating interpretation of cytoskeletal changes is the fact that, in addition to transmitting signals from the extracellular environment, the cytoskeleton and associated factors are also tools the cell uses to react to its environment (McCullen et al. 2010a) . For instance, an increase in actin stress fiber formation and assembly is a typical reaction to application of tensile strain (Jaalouk and Lammerding, 2009) or increased matrix stiffness (Wells and Discher 2008) . However, a stem cell experiencing osteogenesis stimulated by chemicals will achieve the mechanical properties of a bone cell by changing the arrangement of its actin from thick bundles crossing the cytoplasm to a thin meshwork filling the cell (Titushkin and Cho 2007) . In hypotheses of direct mechanisms for ASC osteogenesis induced by biophysical factors, adhesion interaction is seen as an important first step, with downstream possibilities less defined.
Biophysical factors can have a basic role in enhancing osteogenesis by improving adhesion of osteogenic cells. Fröhlich and colleagues tested flow as osteogenic stimulus with a decellularized bone scaffold. With osteogenic medium, they found enhanced expression of bone specific markers in perfusion culture as compared with static culture (Fröhlich et al. 2010) . With perfusion, the three proteins used as osteogenic markers were uniformly distributed through the construct. In static culture they were only at the outer regions. So, improved osteogenesis was attributed to better distribution of cells and nutrients with flow, rather than to scaffold stimulus or specifically flow-induced osteogenesis. Marino and colleagues saw increased phosphorylation of focal adhesion kinase (FAK) at tyrosine 397 in scaffold-induced osteogenesis. This activation was interpreted as a sign of healthy adhesion; the authors also noted the importance of FAK activation as a tool for interpreting extracellular signals (Marino et al. 2010) . Importantly, FAK phosphorylation at tryosine 397 has previously been shown to play a role in mechanically stimulated differentiation (Teo et al. 2010; Rubin et al. 2006) . This hypothesis of substrateinduced ASC osteogenesis is illustrated in Fig. 2 . One prospectively interesting study would be to disrupt this FAK activation to investigate whether scaffold-induced osteogenesis occurs independently.
Other factors may contribute to stimulating ASC osteogenesis through direct connections linking ECM and nucleus. For instance, treatments or surface modifications may be used to alter growth surfaces so that they favor attachment of these osteogenic cells, contributing to bone formation. ECM also presents chemical cues, because a lot of growth factors are stored in ECM. Additionally, nanoscale topographical features in growth substrates influence stem cell behavior (Teo et al. 2010) . Finally, elasticity has a plausible effect on osteogenesis of ASC (Hanson et al. 2009; Engler et al. 2006; McCullen et al. 2010b; Joshi and Webb 2008) .
Indirect and chemical mechanisms: receptors, ion channels, G-proteins
Indirect mechanisms may transmit mechanical signals to the nucleus where gene regulation is accomplished. Indirect mechanisms include calcium signaling, G-proteins, polyamines, NO, and Cox-2.
Stimulation by scaffold ions may drive scaffold-induced osteogenesis in ASCs, as illustrated in Fig. 2 . In the case of β-TCP, phosphate and calcium ions are released, while akermanite dissolves into silicon, calcium and magnesium ions. Calcium ions could enter a cell through a calcium receptor interacting with a G protein. Calcium ions have been shown to stimulate proliferation of osteoblasts, and magnesium ions have been associated with increased mineralization (Liu et al. 2008) . McCullen and colleagues also showed ionic calcium enhanced mineralization by human ASCs (McCullen et al. 2010a) .
Strain-induced ASC osteogenesis likely occurs by indirect mechanisms. Mechanistic studies reported osteogenesis induced by stimulation occurred independently of associated cytoskeletal changes (Wall et al. 2007; Huang et al. 2010) . In a study by Wall and colleagues, results showed upregulation of palladin, an actin-associated protein, was correlated with osteogenesis induced by cyclic strain and osteogenic medium. However, inhibiting palladin expression decreased formation of actin stress fibers without interfering with osteogenesis as assessed by Alizarin Red S staining. So, some indirect mechanism, independent of actin cytoskeleton, must be responsible for strain-induced osteogenesis. A schematic of this mechanistic study is included in Fig. 3 . This figure illustrates an alternate pathway for straininduced osteogenesis proposed by Huang and colleagues. This group hypothesized that strain increases bone-toadipose ratio via Wnt pathways.
Electrically stimulated ASC osteogenesis likely also occurs by indirect mechanisms. McCullen and colleagues observed higher intracellular calcium activity along with enhanced osteogenesis in ASCs stimulated with AC fields (McCullen et al. 2010b ). These researchers suggest application of an electromagnetic field may serve to enhance chemically induced osteogenesis through affecting the cytoskeleton, a mechanism illustrated in Fig. 5 . Hammerick and colleagues employed an electromagnetic and chemical stimulus of osteogenesis of ASCs cultured on a plastic substrate. Like McCullen and colleagues, they found electromagnetic stimulation affected actin cytoskeleton and significantly enhanced osteogenesis (Hammerick et al. 2010) . However, when these researchers inhibited rho-associated protein kinase (ROCK), significantly decreasing cytoskeletal tension, osteogenic markers OPN, Col I and Runx2 were upregulated even more with electromagnetic stimulation as compared to static control (Hammerick et al. 2010 ). This result suggests that electrically induced ASC osteogenesis is correlated with, but not dependent upon actin rearrangement. This group investigated the possibility that their electrically induced gene expression changes were effected through oxidative stress but found no evidence of this. Figure 5 indicates a proposed alternative mechanism, intracellular calcium stimulating osteogenesis. Higher intracellular calcium activity may influence mechanically induced osteogenesis through a different pathway, for instance one involving PKC and ERK 1/2 implicated fluid shear stress osteogenic activation . Another possible mechanism involves voltage-gated channels.
The process of flow stimulation of ASC osteogenesis is explained by an indirect mechanism involving polyamines, the enzyme Cox-2 and NO. A study by Tjabringa and colleagues showed PFF led to increased gene expression of spermidine/spermine N (1)-acetyltransferase (SSAT), an enzyme associated with polyamine activity (Tjabringa et al. 2006) . These researchers showed that 30-min exposure to polyamine spermine inhibited flow-induced NO-production and Cox-2 expression. The results of this experiment imply polyamines play a role in modulating flow-induced ASC osteogenesis. Tjabringa and colleagues suggest an ERK 1/2 pathway may be involved, downstream of NO production, in PFF activation of ASCs osteogenesis. This proposed mechanism is illustrated in Fig. 4 . An alternate proposed pathway also shown here was highlighted in a review by Liu et al. (2010) . Integrinα5β1, upregulated in ASCs with applied fluid shear stress, has been separately identified as important in promoting osteogenesis through ERK 1/2 activation . A prospective interesting follow-up study would involve investigation of ERK 1/2 activation. If ERK 1/2 activation was observed with PFF, this follow-up study should block this activation to examine whether FSS induced ASC osteogenesis still proceeds.
Several hypotheses of indirect mechanisms for biophysical osteogenic stimuli were not directly investigated in the studies reviewed, and a few examples are listed here. ASCs secrete osteoinductive growth factors, which may contribute to bone formation by recruiting host bone-forming cells or stimulating angiogenesis when implanted in vivo (Hao et al. 2010; Scherberich et al. 2010) . Stretch-activated cation channels interpret mechanical strain in osteoblasts (Kearney et al. 2010) . One hypothesis is that forces acting on cells change protein conformation, exposing binding sites in a functionally relevant way (Teo et al. 2010) . Paracrine signaling from osteoblasts grown on films with nano-scale hydroxyapatite were able to induce osteogenesis in co-cultured ASCs through a pathway involving BMP2 (Lu et al. 2011) . Actin filaments linked to ECM by integrins are connected to the nucleus at the other end. Elements of cytoskeleton bridging actin fibers to the nuclear membrane, including lamin proteins, also have an important role in translating biophysical stimuli of osteogenesis (Teo et al. 2010 ).
Pathways common and distinct to different modes of osteogenic stimulus, other cell types -options for 'reprogramming'
The overarching goal of ASCs bone engineering research is to prepare these cells in vitro to support bone healing in vivo, not to make perfect bone in vitro. For example, bioceramics are mechanically similar to bone, but in clinical application of ASCs their osteoinductive ability has been of greater use than their strength (Mesimäki et al. 2009 ). This review has elaborated on how substrates, electromagnetic fields, strain, and fluid flow can be applied in vitro to ASCs for bone engineering research. What happens after implantation is implantextrinsic, except stimuli of substrate used to carry transplanted cells and electromagnetic stimuli that may be delivered after implantation (Tepper et al. 2005) . Biophysical forces applied in vitro are one of many types of stimuli contributing to the regulation of ASCs osteogenesis in vivo. Studies show biophysical stimuli used for ASCs osteogenesis activated multiple pathways; researchers disrupted one actin cytoskeleton effect associated with osteogenesis, and were surprised to observe ASC osteogenesis proceed uninterrupted (Wall et al. 2007; Hammerick et al. 2010) .
Informed manipulation of biophysical osteogenic induction might be used for ASCs osteogenesis "reprogramming," that is, override one differentiation signal with another to promote a desired outcome in an in vivo environment not naturally suited for that outcome. This has previously been accomplished in other contexts (Engler et al. 2006; Takahashi and Yamanaka 2006) . Stem cell reprogramming should act through a "hub," a point of convergence for a number of signaling pathways. Osteogenic transcription factor Runx2 is a hub through which induction of osteoblast differentiation may be regulated to maintain proper function of the cell, tissue, and organism (Franceschi and Xiao 2003) . ERK is another hub activated by mechanical stimuli; ERK activation is important in determining osteoblast survival, proliferation, and differentiation (Jessop et al. 2002) . As ASC osteogenesis is sensitive to multiple influences and activated by multiple pathways, focusing on individual genes or pathways may prove too narrow for comprehensive understanding of effects relevant to this process. Biological network analysis, particularly incorporating influences of and response of hubs Runx2 and ERK, will allow integration of literature to better characterize contexts under which ASCs will generate an osteogenic response to a given combination of stimuli. Furthermore, biological network analysis will inform hypotheses on different ways engineered ASCs may better support bone healing, e. g., through enhancement of processes such as angiogenesis (Shoji et al. 2010 ).
Concluding remarks
Manipulation of the physical microenvironment of ASCs, using stimulus from substrate or applied strain, flow, or electromagnetic fields, expands the repertoire of tools available for bone tissue engineering with these cells, increasing possibilities for adaptation to clinical translation. This review examined some examples of how physical features and chemical properties of surfaces, tensile strain, fluid flow, and electromagnetic stimulation affect osteogenic differentiation of human ASCs. For best understanding and control of ASC osteogenesis stimulated by biophysical factors, we should first support development of appropriate consensus protocols. As scientific publication relies on novelty, adopting standard protocols may be slow, so standards should first define guidelines for analyzing data and defining end phenotypes, then protocols for isolation and osteogenic stimulation may be standardized. Next, we should support the development of models that integrate information across different studies to provide a cohesive explanation of the cellular processes underlying ASC osteogenesis. Finally, we should continue directed exploration of previously unconsidered influences on ASC osteogenesis, such as non-soluble chemicals, nanotopography, and elasticity in growth substrates. We should also consider explanations for unique mechanistic phenomena in ASC osteogenesis, for instance, defining the role of the Wnt pathways proposed as an explanation for the fact that flow-and electrically-stimulated ASC osteogenesis are independent of actin rearrangement. A better understanding of ASC osteogenesis as stimulated by biophysical factors illuminates a path for better general understanding of stem cell differentiation by biophysical factors. Recently, growth surfaces have been shown to support high survival rate of mesenchymal stem cells for more than 10 days without refrigeration (Gorodetsky et al. 2011) . Artificial stem cell niches generated by modulating physical microenvironment could even soon replace soluble factors for induction of differentiation, making it easier for tissue engineering and stem cell biology to be controlled in the resource-limited settings of developing countries, away from expensive laboratories and stringent good manufacturing practice.
